Parametric polariton amplification in semiconductor microcavities 
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We present novel experimental results demonstrating the coherence properties of the nonlinear 
emission from semiconductor microcavities in the strong coupling regime, recently interpreted by 
parametric polariton four-wave mixing. We use a geometry corresponding to degenerate four-wave 
mixing. In addition to the predicted threshold dependence of the emission on the pump power and 
spectral blue shift, we observe a phase dependence of the amplification which is a signature of a 
coherent polariton wave mixing process. 

PACS numbers: 71.35.Gg, 71.36.+C, 42.70.Nq, 42.50.-p 



In high finesse semiconductor microcavities with em- 
bedded quantum wells [lj], the photon and exciton con- 
finement and the large excitonic oscillator strength make 
it possible to reach the strong coupling regime or normal 
mode coupling. As a result, the degeneracy at resonance 
between the exciton mode and the photon mode is lifted 
and the so-called vacuum Rabi splitting takes place 0. 
The resulting two-dimensional eigenstates, called cavity 
polaritons, are mixed photon-exciton states that have 
a number of attractive features. They are considered 
as potential candidates for Bose-Einstein condensation 
because of the occurrence of strong polariton-polariton 
scattering into the small kit states. The purpose of this 
paper is to report on novel properties of cavity polaritons 
in the nonlinear regime, that are a direct proof of the co- 
herent nature of the polariton-polariton interaction. 

The emission intensity of these systems has been shown 
to undergo a giant amplification when the intensity 
of the driving field is increased above some threshold, 
both under non resonant 0, 0, HJ and resonant laser 
excitation^, 0, H, 0]. Several mechanisms were proposed 
to explain this behavior, including stimulated exciton 
phonon scattering and stimulated exciton exciton scat- 
tering, raising a lot of controversy Tol 11, 12 1. In par- 
ticular, experiments using a resonant pump at a specific 
angle and measuring the amplified emission or the gain 
on a probe laser at normal incidence @, 0, @] , are in good 
agreement with a recent theoretical model based upon 
coherent polariton four- wave mixing (l3j . A strong am- 
plification is observed when the angle is chosen in order to 
ensure energy and in-plane momentum conservation for 
the process where two pump polaritons (with momentum 
fcpii) are converted into a signal polariton (fcii = 0) and 
an idler polariton (fcii = 2fcpii). 

The experiments involving resonant excitation have 
been performed in a non-degenerate configuration, in 
which the signal, idler and pump beams have different 



energies and momenta. An alternative configuration en- 
sures the double energy and momentum resonance : it is 
the one where kp\\ = 0, with k signa q = kidier\\ = 0, the 
energy of the pump laser being resonant with the polari- 
ton energy. In this paper, we present experimental results 
obtained in this configuration. The amplified emission, 
which now contains both signal and idler, is observed in 
the direction of the reflected pump beam. The "degen- 
erate" configuration allows us to highlight new features 
of the polariton parametric interaction. To analyze the 
characteristics of the emission in detail, a highly sensitive 
homodyne detection is used. As in the non-degenerate 
case, a marked threshold is observed when the pump in- 
tensity is increased and the associated shift is found to be 
in agreement with ref . [T3| • Degenerate four- wave mixing 
has been studied by several authors (hj, [l5| in semicon- 
ductor microcavities, however in different regimes where 
the giant amplification on the lower polariton branch did 
not occur. 

Moreover, it is well known that in this geometry opti- 
cal parametric amplification is phase sensitive (l6|. Using 
a single mode cw laser as a pump, we have been able 
to investigate for the first time the phase dependence of 
the giant emission. If it was due to stimulation by the 
lower polariton occupation number Q, a phase insensi- 
tive amplification would be observed, as in a laser-like 
amplifier (l7j|. We have observed that the amplification 
depends strongly on the phase of the pump laser. This 
result brings in a crucial argument in favor of the inter- 
pretation of the amplified emission as originating primar- 
ily from coherent polariton four-wave mixing in the case 
of resonant pumping. Let us note that the case of non 
resonant pumping [5| where there is no phase reference in 
the system corresponds to a very different problem which 
requires a specific approach. 

We use high finesse GaAs/AlAs microcavity samples 
containing either one or two InGaAs quantum wells 
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FIG. 1: Experimental set-up. It can be used in two different 
configurations: (a) Without beamsplitter (BSI): The polar- 
izing beamsplitter (PBS) and the quarter wave plate (A/4) 
form an optical circulator that direct all the circularly polar- 
ized light coming from the microcavity towards the detection 
system. The 50/50 beamsplitter (BS) splits the beam into 
two equal parts which fall on two photodetectors. The sum 
of the two photocurrents gives the beat signal between the 
emission and the laser. The difference between the photo- 
diode currents yields the shot noise, (b) With beamsplitter 
(BSI): an independent local oscillator is split off by the beam- 
splitter (BSI) and mixed with the beam emerging from the 
microcavity on (BS2). In this case, the beat signal between 
the emitted light and the local oscillator is obtained by taking 
the difference between the two photocurrents. The shot noise 
background is measured by blocking the beam emerging from 
the cavity HI]. 



with low indium content. The samples are described 
respectively in refs.|f| (sample 1) and (sample 2). 
These high quality samples exhibit very narrow polari- 
ton linewidth, on the order of 100-200 /ieV (half-width 
at half-maximum) at 4 K. The microcavities are wedged, 
allowing one to change the cavity thickness by moving 
the laser excitation spot on the samples. The beam of a 
single mode cw Thsapphire laser with a linewidth of the 
order of 1 MHz is focused onto the sample at normal in- 
cidence. The laser light is circularly polarized. The laser 
spot has a diameter of 80 /im. 

First the positions of the two polariton branches are 
determined by studying the reflection of the driving laser 
at very low intensity (7 < 1 mW, corresponding to 
10W/cm 2 ). For sample 2, this yields the diagram shown 
in Fig. [2l where the energies of the reflectivity minima 
have been plotted as a function of their positions on the 
sample. A similar diagram has been obtained for sample 
1, with a smaller vacuum Rabi splitting. 

The light emitted by the microcavity is detected in 
the direction normal to the sample by means of a ho- 
modyne detection system fljl lioj ]. For this purpose the 
emitted light is mixed with a local oscillator on a pho- 
todetector (Fig. [T|). The emitted light of interest co- 
propagates with the laser beam and has the same very 
small divergence angle (~0.4°), ensuring the k\\ conser- 
vation. An additional laser beam, the local oscillator, 
is mixed with the pump and signal beam on a beam- 
splitter. The beams coming from the beamsplitter are 
focused on two photodetectors. The frequency spectrum 



of the photocurrents is analyzed with an RF spectrum 
analyzer. The reflected laser and the light scattered at 
the laser frequency yield a large peak at zero frequency 
which is filtered out. The signal given by the spectrum 
analyzer can be shown [2^1 to be proportional to the beat 
signal between the local oscillator and the light emitted 
by the sample, i.e. luminescence. For an incoherent emis- 
sion, the spectrum analyzer measures a broad signal, that 
appears on top of the background quantum noise (shot 
noise). 

In a first set of experiments, the local oscillator is the 
laser beam reflected by the microcavity. The phase differ- 
ence between the detected signal and the local oscillator 
is fixed, since the emitted light and the reflected laser fol- 
low exactly the same path. This scheme is well adapted 
to investigate the amplification threshold and the line 
shift. In a second set of experiments, we have used an in- 
dependent local oscillator beam, split off from the pump 
laser. One of the mirrors on the path of the local oscil- 
lator is mounted on a piezoceramic, which allows us to 
vary its phase relative to the signal beam. This provides 
a tool to explore all the quadrature components for the 
emitted light. Let us stress that without homodyne de- 
tection the emitted light would be extremely difficult to 
distinguish from the scattered and reflected laser light. 

We first describe the results concerning the emission 
threshold and the line shift, using the first experimen- 
tal scheme. In order to study the emission resonances 
we had to use a specific method. The possible frequency 
scan of the detection system on each side of the laser 
line is of the order of a few tens of MHz, that is in the 
100 neV range, much smaller than a typical photolumi- 
nescence spectrum. To investigate the emission, the fre- 
quency of the spectrum analyzer is kept fixed, while ei- 
ther the laser frequency or the position on the sample 
is scanned. Therefore, the detected polaritons have an 
energy extremely close to the ones excited by the pump 
laser. The emission lineshape obtained with the homo- 
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FIG. 2: Energy diagram of the polariton branches as a func- 
tion of position on sample 2. Inset: emission resonance ob- 
tained when the laser position is scanned on sample 2 around 
point (1) with fixed pump laser wavelength and 7 pump = 
0.7mW . Here and in the following figures, the analysis fre- 
quency of the spectrum analyzer is fixed at 7 MHz. 



3 



50 

'I 40 
u 

| 30 

.1 20 

ca 

CO 

•| 10 

w 



I t =2.0mW 



« Position (1) 
♦ Position (2) 



I t = 12.7 mW 



5 10 20 

Laser intensity (mW) 



25 



FIG. 3: Emission intensity as a function of pump laser inten- 
sity for positions (1) and (2) on the lower polariton branch 
shown in Fig. [2] It is the threshold driving laser intensity. 
The laser frequency is fixed and the position on the sample is 
adjusted to maximized the signal. 



dyne detection can be studied in the vicinity of the po- 
lariton resonance branches either by scanning the laser 
energy ( "vertical" scan in Fig. for fixed positions on 
the sample or by scanning the position of the laser on 
the sample ("horizontal" scan in Fig. [5]) at fixed laser 
frequencies. Since it is difficult to scan a single mode 
laser continuously over ranges that are of the order of the 
polariton lincwidth, we chose the second procedure. The 
position scan amounts to varying the detuning between 
the polariton and the laser at a fixed laser frequency. An 
example of such a signal is shown in the inset of Fig. 
for very low laser intensity. 

At very low driving intensity, the emission exhibits 
maxima for the same laser frequencies and positions on 
the sample as the reflectivity minima [2l|. We have stud- 
ied the height and position of the emission resonance as 
a function of the driving laser intensity. Figure [3] shows 
the maximum intensity versus the pump laser intensity 
for two different positions on the lower polariton branch 
of sample 2 (points (1) and (2) in Fig [5]), corresponding 
to two different laser frequencies. The emission intensity 
exhibits a marked threshold. Below threshold the emit- 
ted intensity has linear dependence on the intensity of the 
driving laser, as is expected from thermal luminescence. 
Above threshold, the emitted intensity increases very fast 
with the driving intensity. The threshold takes place at 
very low excitation intensities. It is as low as 2 mW 
of incident laser power over a 80 /zm spot (20 W/cm 2 ). 
The threshold is lowest for values of the cavity-exciton 
detuning close to zero. As shown in Fig. [3J it is higher 
for point (2) where the exciton content of the polariton 
is lower. All the considered pump intensities correspond 
to exciton densities that are below the polariton bleach- 
ing density. This was verified by checking the presence 
of vacuum Rabi splitting in reflectivity for these intensi- 
ties. No nonlinear emission was observed on the upper 
polariton branch in the same range of laser powers. 

We have also studied the shift of the emission curve 
as a function of the laser intensity. We find that the 
position on the sample of the maximum of the emission 



curve varies linearly with the intensity of the driving laser 
below threshold. The curves shift to the left of the unper- 
turbed lower branch resonance in Fig. O which is equiv- 
alent to a blue shift in energy. The sign of the shift is 
consistent with a non-linearity coming from polariton- 
polariton scattering, which is repulsive. The measured 
value of the shift at threshold for point (1) in the level 
diagram is 0.24 meV, in good agreement with the value 
of about twice the polariton linewidth 27 = 0.29 meV 
predicted by ref.0- The linewidth (HWHM) 7 was 
measured independently using the reflectivity resonances. 
These results are consistent with those of previous exper- 
iments, obtained in the non-degenerate geometry. 

In the case of degenerate operation, with the signal 
and idler having the same energies and wavevectors, the 
parametric amplifier is expected to be phase-dependent. 
Using homodyne detection, we are able to explore this 
property, in contrast to other authors. As in the ex- 
periment performed in ref.Q, thermally excited polari- 
tons constitute the probe that seeds the parametric pro- 
cess and that is amplified through interaction with the 
pumped polaritons. Having no average phase, the former 
can be considered as a superposition of random polari- 
ton fields with equal mean amplitudes and phases spread 
over 2ir. For each value of the local oscillator phase, the 
emission having a specific phase is singled out by the ho- 
modyne detection. Scanning the local oscillator phase 
allows us to identify whether some quadrature compo- 
nents are amplified in a preferential way. 

Well below threshold, as expected, all quadrature com- 
ponents are equivalent. Starting a little below threshold, 
one observes an oscillation of the homodyne signal as a 
function of the local oscillator phase. A typical recording 
is shown in Fig. 3] (inset), at zero cavity-exciton detuning 
for sample 1. This clearly demonstrates the phase depen- 
dence of the polariton field typical of degenerate para- 
metric amplification 16]. The polariton-polariton inter- 
action that is at the origin of the observed amplification 
is a coherent one, which can be identified with polariton 
four-wave mixing. Indeed, the Hamiltonian annihilating 
two pump polaritons a p and creating two identical signal 
photons a s is of the form V a p a p a\ a\ , with V the inter- 
action energy. Then the semi-classical evolution equation 
for (a s ) contains a gain term proportional to (ap)(a s )*, 
which implies a well defined phase relationship between 
the pump field and the amplified polariton quadrature. 
An amplification originating from population effects, as 
in a laser, would be phase independent. 

The amplitude of the oscillation grows rapidly with the 
pump field above threshold. In Fig. [H we show the max- 
ima and minima of the oscillations as a function of the 
driving laser power for sample 1, obtained at fixed laser 
frequency and by shifting the sample in order to com- 
pensate for the energy shift (the threshold is different 
from the one obtained with sample 2 for a similar posi- 
tion, but the overall behaviors are very much the same 
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nate from the same physical effect, this opens the way to 
the possibility of squeezing in semiconductor microcavity 



devices |22|, |23| . Further investigations are necessary to 
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FIG. 4: Amplitude of the minima and maxima of the oscilla- 
tions as a function of the driving laser intensity; the driving 
laser frequency is fixed and equal to the unshifted (i.e. mea- 
sured at very low intensity) lower polariton frequency at zero 
cavity-exciton detuning; the position on sample 1 is adjusted 
to maximize the emission intensity; dash-dotted and dashed 
lines: guides to the eye respectively for the oscillation maxima 
and the emission intensity above threshold; solid line: ther- 
mal emission intensity below threshold, obtained as in Fig [3] 
dotted line: extrapolated thermal emission. Inset: homodyne 
detection signal (arbitrary units) when the phase of the local 
oscillator is varied, for a driving laser power of 3mW. The 
oscillation period is -k rather than 2-k because the probe is 
constituted by an ensemble of random fields in which phases 
<f> and <f> + 7r are equivalent. 



for the two samples). The level of thermal luminescence 
in the absence of nonlinear process, extrapolated from its 
value below threshold is also shown. It can be seen that 
the oscillation minimum goes well below the level of ther- 
mal luminescence, indicating a strong de-amplification of 
thermal polaritons. This effect is also a specific feature 
of parametric interaction. If de- amplification is efficient 
enough, squeezing of the emission below the shot noise 
level could be achieved. De-amplification down to the 
shot noise level, i.e. to the vacuum noise is obtained here. 
The quadrature component of the emitted field along the 
mean field of the pump laser (called emission intensity in 
Fig.[3]and[4]), that is measured using the first experimen- 
tal scheme, undergoes intermediate amplification. 

In conclusion we have presented new results on para- 
metric amplification in semiconductor microcavities. Us- 
ing homodyne detection in a degenerate configuration, 
we have been able to show evidence for specific features 
of polariton four-wave mixing in the microcavity. The 
amplification threshold and the shift of the emission line 
observed in other experiments have been obtained in a 
configuration very different from that of other authors. 
We have shown for the first time the phase dependence 
of the amplification process in the degenerate configu- 
ration and the occurrence of de-amplification, demon- 
strating the coherent origin of the process. Since in such 
nonlinear interactions amplification and squeezing origi- 



assess the feasible level of squeezing. 
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